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Abstract. This study presents an inter-comparison of
two active remote sensors (lidar and ceilometer) to deter-
mine the mixing layer height and structure of the Plan-
etary Boundary Layer (PBL) and to retrieve tropospheric
aerosol vertical proﬁles over Athens, Greece. This inter-
comparison was performed under various strongly differ-
ent aerosol loads/types (urban air pollution, biomass burn-
ing and Saharan dust event), implementing two different li-
dar systems (one portable Raymetrics S.A. lidar system run-
ning at 355nm and one multi-wavelength Raman lidar sys-
tem running at 355nm, 532nm and 1064nm) and one CL31
Vaisala S.A. ceilometer (running at 910nm). Spectral con-
versions of the ceilometer’s data were performed using the
˚ Angstr¨ om exponent estimated by ultraviolet multi-ﬁlter ra-
diometer (UV-MFR) measurements. The inter-comparison
was based on two parameters: the mixing layer height de-
termined by the presence of the suspended aerosols and the
attenuated backscatter coefﬁcient. Additionally, radiosonde
data were used to derive the PBL height. In general, a good
agreement was found between the ceilometer and the lidar
techniques in both inter-compared parameters in the height
range from 500m to 5000m, while the limitations of each
instrument are also examined.
Correspondence to: A. Papayannis
(apdlidar@central.ntua.gr)
1 Introduction
The dynamics of the Planetary Boundary Layer (PBL) are
directly inﬂuenced by the Earth’s surface, solar irradiance
and anthropogenic activities. Air pollution concentrations
in the PBL are generally orders of magnitude higher than
those in the free troposphere (Stull, 1988). Additionally, heat
and moisture from the surface must ﬁrst be mixed through
the PBL before being available to the circulation of the free
troposphere. Consequently, studies of atmospheric dynam-
ics in the troposphere very frequently employ PBL height
data. Moreover, the inﬂuences of anthropogenic activities
and earth’s surface upon air quality can be monitored by
studying the aerosol concentration and their relevant optical,
microphysical and chemical properties (Seinfeld and Pandis,
2006).
Laser remote sensors, such as lidars and ceilometers, are
proven to be powerful tools for tracking and monitoring the
evolution of the PBL height (Papayannis and Balis, 1998;
Amiridis et al., 2007), as well as the vertical proﬁles of
aerosol properties over long time periods (Amiridis et al.,
2005). The backscatter intensity of the returned signal de-
pends mainly on the particulate concentrations in the air, but
also on their reﬂective properties which are related to their
moisture content (e.g. Angelou et al., 2011). Therefore, the
lidar techniques are useful for three dimensional mapping of
aerosols, remote sensing of ambient air pollutants, industrial
emissions, and natural aerosol emissions due to volcanoes
eruptions (Wang et al., 2008), biomass burning (Amiridis et
al., 2009) and desert dust transport events (Papayannis et al.,
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Table 1. Technical properties of the CL31 ceilometer and the Raymetrics and NTUA lidars. Typical uncertainties on the retrieved values of
the attenuated backscatter coefﬁcient, the mixing and cloud height are also given.
CL31 ceilometer Raymetrics lidar NTUA lidar
Measurement range (m) daytime/nighttime 70-7500 200-10000 1000–15000
Range resolution (m) 5/10 (selectable) 7.5 15
Laser system InGaAs MOCVD laser diode Quantel Big Sky CFR 200 Quantel Brilliant
Wavelength (nm) 905 355 355/532/1064
Laser pulse energy (mJ) 1.2×10−3 40 75/150/400
Laser pulse duration (ns) 110 10 5
Mean pulse repetition rate (Hz) 8192 10 10
Typical uncertainty on attenuated
backscatter coefﬁcient
(30 min average time)
±20% ±20−−30% ±20−−30%
Typical uncertainty on mixing height
determination (30 min average time) (m)
±200 ±100 ±100
Typical uncertainty on cloud height
determination for 30min average (m)
±10 up to 200 ±15 up to 200 ±15 up to 200
2005, 2008, 2009). On the other hand, ceilometers are de-
vices used mostly for measuring the height of cloud bases by
aerosol detection (e.g. Martucci et al., 2010).
Both lidars and ceilometers involve laser light backscat-
tering measurements to determine the attenuated backscat-
ter coefﬁcient, from which the aerosol backscatter coefﬁcient
could be also retrieved (Klett, 1981) and thus, to obtain the
cloud base (Martucci et al., 2010) or the PBL height (Eres-
maa et al., 2006, 2009; McKendry et al., 2009; Heese et
al., 2010). According to Markowicz et al. (2008), the fact
that the laser light source used in ceilometers is less pow-
erful and spectrally broader compared to that of a lidar sys-
tem, the ability of ceilometers to detect aerosols is limited
up to around 3km height. Recently, Heese et al. (2010)
comparedaerosolbackscattercoefﬁcientproﬁlesretrievedby
a new generation CHM15K-X Jenoptik ceilometer and the
IfT’s lidar Polly in Leipzig (Germany) and suggested that the
ceilometer is able to detect aerosol layers in the PBL and
also in the free troposphere up to altitudes of the order of
4km during day time, while during nighttime, this altitude
may extend higher, depending on the aerosol load present.
In this study, the attenuated backscatter coefﬁcient proﬁles
obtained by a CL31 ceilometer owned by the National Ob-
servatory of Athens were evaluated against quality assured
aerosol proﬁles obtained by the National Technical Univer-
sity of Athens (NTUA) and Raymetrics S.A. lidar systems,
over a highly polluted urban site, such as the Athens Basin.
The data were obtained under strongly different aerosol-type
presences (urban pollution, biomass burning and Saharan
dust event). Section 2 brieﬂy presents the instrumentation
involved in this study. Sections 3 and 4 show an inter-
comparison of the PBL height and the attenuated backscatter
coefﬁcient, respectively, as retrieved by ceilometer and lidar
measurements. Finally, Sect. 5 presents our conclusions.
2 Instrumentation
2.1 Ceilometer
The ceilometer used in this study is a Vaisala CL31 model,
described in detail in M¨ unkel and R¨ as¨ anen (2004), M¨ unkel et
al. (2007) and Emeis et al. (2008). In brief, CL31 is equipped
with an InGaAs/MOCVD (Indium Gallium Arsenide/Metal-
Organic Chemical Vapor Deposition) pulsed diode laser
emitting at 905±10nm and having an energy per pulse of
1.2µJ±20% (factory adjusted). The emission frequency is
8.19kHz, while the pulse duration is 110ns. Brieﬂy, CL31
uses a novel single (common) lens design, whose main in-
novation is in the way the common lens is used for trans-
mitting and receiving light. The centre of the lens is used
for collimating the outgoing laser beam, whereas the outer
part of the lens is used for focusing the backscattered light
onto the receiver. The division between transmitting and re-
ceiving areas is provided by an inclined mirror with a hole
in the centre. This arrangement signiﬁcantly reduces the op-
tical cross-talk between transmitter and receiver. According
to the Vaisala User’s Guide (2009) the full overlap height of
the instrument is achieved for altitudes higher than 10m, al-
though in practice is on the order of 70m (Martucci et al.,
2010). The separation between the two areas is achieved by
an oblique mirror. The backscattered data are acquired and
stored by a 60MHz digital processor and stored in a hard
disk unit. Thus, the attenuated backscatter coefﬁcient is ob-
tained from 70m up to 7.5km height (M¨ unkel et al., 2007),
with a selectable spatial resolution of 5 or 10m and temporal
resolution of 2s to 120s (Vaisala User’s Guide, 2009). In our
case we used 10m raw range resolution and 2s raw temporal
resolution.
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Fig. 1. Attenuated backscatter coefﬁcient (in m−1 sr−1) obtained (a) by the ceilometer and (b) the Raymetrics lidar. (c) The ﬁrst derivative
of the logarithm of the range-corrected lidar signal (in arbitrary units: A.U.) obtained by the Raymetrics system. Time height cross sections
are valid from 10:15UT to 13:30UT on 26 November 2008. Red lines represent mean PBL height around 12:00UT.
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Fig. 2. Attenuated backscatter coefﬁcient (in m−1 sr−1) obtained (a) by the ceilometer and (b) the Raymetrics lidar. (c) The ﬁrst derivative
of the logarithm of the range-corrected lidar signal (in arbitrary units: A.U.) obtained by the Raymetrics system. Time height cross sections
are valid from 08:40UT to 11:40UT on 27 November 2008. Red lines represent mean PBL height around 11:00UT.
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The main goal of the Vaisala CL31 ceilometer is to report
on the attenuated backscatter coefﬁcient proﬁles, as well as
cloud base and mixing height in the lower troposphere. The
Quality Assurance procedure and the uncertainties (based on
statistics) of the parameters provided by the CL31 ceilome-
ter are discussed in M¨ unkel et al. (2007). In brief, the aver-
age uncertainty on the retrieval of the attenuated backscatter
coefﬁcient when using the CL31 ceilometer data averaged
over 30min is of the order of 20% (Table 1; M¨ unkel et al.,
2007). In our study, the raw ceilometers’ data are averaged
with a 10-min time window to increase the signal to noise
ratio (SNR) over a threshold of 1.
2.2 Lidar systems
The Raymetrics S.A. lidar system is a portable eye-safe elas-
tic backscatter lidar system, fully automated. It can work
24h per day outdoors in an unattended mode under almost
any weather conditions. A pulsed laser beam at 355nm is
emitted into the atmosphere. The energy per emitted pulse is
40mJ, while the pulse duration is 10ns. A beam expander is
used at the emission unit in order to expand the laser beam by
a factor of 10, so that the eye safety is completely fulﬁlled.
The repetition rate is 10Hz. The backscattered radiation is
collected by a Cassegrain telescope of 200mm in diameter
and having an f-number of 4 (focal length f=800mm). The
collected radiation is spectrally analyzed (using beam split-
ters), ﬁltered (using narrow band interference ﬁlters) and fo-
cused on photomultiplier tubes (PMTs) which are used to
detect the received lidar signals in the analog and the photon
counting mode. The corresponding raw signal spatial reso-
lution is 3.75m. For this study the raw temporal resolution
of the retrieved aerosol proﬁles was set at 1.5min, while a
spatial resolution of 7.5m was used (Table 1). The retrieved
averaged aerosol parameters proﬁles (attenuated and aerosol
backscatter proﬁles) are shown every 10min. The full over-
lap height of the instrument is achieved for altitudes higher
than 200m (Table 1).
The NTUA lidar system is a multi-wavelength Raman li-
dar based on a compact pulsed Nd:YAG laser, emitting si-
multaneously at 355, 532 and 1064nm with output laser-
beam energies of 75, 150 and 400mJ per pulse, respectively.
The repetition rate is 10Hz, while the pulse duration is 5ns.
The optical receiver is a Cassegrain-reﬂecting telescope with
a primary mirror of 300mm in diameter and a focal length
f=600mm, directly coupled, through an optical ﬁber, to the
lidar signal detection unit (Mamouri et al., 2007). The lidar
signals are detected with photomultiplier tubes (PMTs) oper-
ating both in the analog and photon-counting mode. The cor-
responding spatial resolution of the detected raw signals is
7.5m. The NTUA lidar detects both elastic backscattered (at
1064, 532, 355nm) and Raman (at 607 and 387nm-nitrogen
and 407nm-water vapor) signals. The lidar operates in the
frame of EARLINET network since 2000, and can provide
continuous measurements of the aerosol backscatter verti-
cal proﬁles ranging from 1000m up to 15000m height. For
this study the raw temporal resolution of the retrieved aerosol
proﬁles was set at 1.5min, while a spatial resolution of 15m
was used. The retrieved averaged aerosol parameters proﬁles
(attenuated and aerosol backscatter proﬁles) are shown every
10min. The full overlap height of the instrument is achieved
for altitudes higher than 1000m (Table 1).
The Quality Assurance of the retrieved aerosol proﬁles by
the NTUA lidar system has been evaluated in the frame of the
EARLINET project by performing direct inter-comparisons,
both at hardware and software levels, with a reference li-
dar system (B¨ ockmann et al., 2004; Matthias et al., 2004;
Pappalardo et al., 2004). The resulting average uncertainty
on the retrieval of aerosol backscatter coefﬁcient when us-
ing the NTUA and Raymetrics lidars (including both statis-
tical and systematic errors and corresponding to at least 30–
60min. temporal resolution) in the troposphere is based on
the methodology described by B¨ osenberg et al. (1997) and
is of the order of 20–30% (Table 1). The choice of the ref-
erence height for the Klett aerosol backscatter coefﬁcient at
wavelength λ (bλ) retrievals in the case of the lidar signals
was set at 7km, since the signal to noise ratio (SNR) is still
quite high even during daytime (higher than 1, according
to our SNR calculations based on Heese et al. (2010), for
averaging time over more than 30min). For the lidar sig-
nals in Athens, the lidar returns are ﬁrst corrected for back-
ground light and range. The range-corrected signal return for
the molecular atmosphere is then estimated using radiosonde
data. The lidar range-corrected signal is then normalized on
the molecular return to check for calibration and ﬁnd the to-
tal attenuated backscatter signal. Through this procedure,
the aerosol-free tropospheric region is deﬁned as the region
where the total attenuated backscatter coefﬁcient is equal to
the molecular attenuated backscatter signal. This region for
Athens is usual above 6–7km.
2.3 Multi Filter Radiometer
The ultraviolet Multi Filter Radiometer (UV-MFR) measures
the total, diffuse and direct solar radiation. The spectral mea-
surements are performed in 6 wavelengths and a wide-band
channel. The total and the diffuse radiation are measured
directly while the direct radiation is calculated as the differ-
ence between the two. The spectral width of the UV-MFR
optical ﬁlters is 10nm (FWHM) at 415, 500, 615, 671, 867,
940nm. The cosine response is 5% for zenith angles be-
tween 0◦ and 80◦. The instrument is designed to perform
continuous measurements for external temperatures ranging
from −30 to +50 ◦C since the electronics and the photodi-
odes are enclosed in a thermally controlled box.
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Figure 03a 
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Fig. 3. Radiosonde data providing the vertical proﬁle of the rel-
ative humidity (in %), potential temperature (in K) (left side) and
the Richardson number (right side), at 12:00UT over Athens, on
26 November (a) and 27 November (b), 2008. The red lines indi-
cate the PBL height.
3 Inter-comparison of Planetary Boundary Layer
height determination using ceilometer and lidar
measurements
The CL31 ceilometer and the Raymetrics lidar were com-
bined and collocated for two days (26–27 November 2008)
in order to perform measurements over Athens. Both instru-
ments were located nearby the actinometrical station of the
National Observatory of Athens (NOA) on the hill of Pnyx
(37.967◦ N, 23.717◦ E, 100m above sea level: a.s.l.). The
ceilometer was operated on a 24-h basis, while the lidar for
selected time periods within the above two days. All data are
presented in Universal Time (UT).
In Fig. 1a we present the temporal evolution of the atten-
uated backscattered signal (in m−1 sr−1) at 910nm as ob-
tained by the ceilometer on 26 November, between 10:15
and 13:30UT, with a 10min time resolution (based on 2s
raw time resolution signals), from 500m to 2.5km. In
Figs. 1b and c we show the temporal evolution of the atten-
uated backscattered lidar signal and the corresponding ﬁrst
derivative of the logarithm of the range-corrected lidar sig-
nal at 355nm (in Arbitrary Units: A.U.), respectively, as ob-
tained by the Raymetrics lidar from 10:15 to 13:30UT on the
same day (the corresponding ﬁrst derivative of the logarithm
of the range-corrected ceilometer signal was not available).
The same procedure was followed during the next day on
27 November, where simultaneous measurements were ob-
tainedfrom08:40to11:40UT(Figs.2a, bandc). Alongwith
the ceilometer and lidar soundings, radiosoundings were per-
formed at a nearby location by the Hellenic National Meteo-
rological Service (HNMS) at 12:00UT to determine the PBL
height. Figs. 3a and b present the vertical proﬁle of the rela-
tive humidity (in %) and the potential temperature (in K) (left
side), as well as the Richardson number (Ri) (right side) cal-
culated for 26 and 27 November 2008, respectively.
To retrieve the PBL height we used both radiosounding
and lidar data, according to the methodologies provided by
Stull (1988) and Menut et al. (1999), respectively. When ra-
diosonde data are used to derive the PBL (or mixing) height,
the strong negative gradient of the relative humidity, along
with the positive gradient of the potential temperature, de-
lineate the position of the PBL height. According to Joffre
et al. (2001), the PBL height is identiﬁed by inspecting to-
gether the wind, humidity, potential temperature and Ri pro-
ﬁles for clear changes in the humidity proﬁles slope (Figs. 3a
and b), and/or persistent large departures of Ri values beyond
a critical value of about 1. In our case on 26 November at
12:00UT, Ri clearly departs from around 1 at around 820m
height, which is close to the position (around 900m) of the
ﬁrst strong negative gradient of the relative humidity, along
with the positive gradient of the potential temperature. On
27 November at 12:00UT, Ri clearly departs from around 1
at around 1530m height, which is very close to the position
(around 1500m) of the ﬁrst strong negative gradient of the
relative humidity, along with the positive gradient of the po-
tential temperature. In all graphs (Figs. 1, 2 and 3) the red
lines indicate the PBL height.
In lidar research, it is customary to consider the PBL
height as the height, below which most of the aerosol is con-
ﬁned, even if this layer is not always a well-mixed layer
(e.g. Matthias and B¨ osenberg, 2002). Therefore, the de-
termination of the PBL height from the lidar data is done
by identifying the ﬁrst signiﬁcant negative gradient in the
range-corrected lidar signal, starting from ground. The steep
gradient in the range-corrected lidar signal results from the
strong decrease in the aerosol (or the attenuated) backscatter
caused by lower particle concentration and humidity above
this height. The method is simple and it has been used since

















            26 November 2008
Attenuated backscatter coefficient 
Lidar average (10:00 - 13:00 UT)
Ceilometer average (10:00 - 13:00 UT)
Lidar ratio=30sr














 Raymetrics lidar (355nm)















 Raymetrics lidar (355 nm)
 Ceilometer (converted to 355 nm)
                27 November 2008
    Attenuated backscatter coefficient 
     Lidar average (08:00 - 11:00 UT)
  Ceilometer average (08:00 - 11:00 UT)














Fig. 4. Comparison of the attenuated backscatter coefﬁcient proﬁles
(in m−1 sr−1) obtained by the Vaisala ceilometer and the Raymet-
rics lidar (a) on 26 November 2008 (10:00–13:00UT) and (b) on
27 November 2008 (08:00–11:00UT).
the ‘90s (e.g. Flamant et al., 1997; Menut et al., 1999).
When only the attenuated backscatter coefﬁcient data are
available (as in the case of the ceilometer data) we can still
derive the PBL height, since its maximum height is very
frequently associated with a strong gradient in the vertical
aerosol proﬁle (Endlich et al., 1979; Menut et al., 1999). Of
course there are discrepancies between the lidar/ceilometer
and radiosonde derived PBL height due to the fact that the
thermodynamically deﬁned PBL is not usually conﬁned with
the height of the well-mixed layer, as discussed by Joffre et
al. (2001) and Hennemuth and Lammert (2006) and the ref-
erences therein, as we will also see in the following.
According to the ceilometer and Raymetrics attenuated
backscatter data (Figs. 1a and b) the PBL height on
26 November ranged between 0.75km to 0.95kma.s.l. (light
blue color) and remained practically constant around 1km
after 12:00UT, in good agreement with the PBL retrieved
height from the radiosounding at 12:00UT (Fig. 3a). The in-
ternal part of the PBL (Stull, 1988) is represented by the light
green color structure, which is located around 0.7–0.8km.
This becomes more visible in the temporal evolution of the
ﬁrst derivative of the logarithm of the range-corrected Ray-
metrics lidar signal (Fig. 1c) where the zones of dark blue
colors delineate the PBL height (ranging from 800–1000m).
As a ﬁrst conclusion, comparing the three graphs of Fig. 1a,
b and c, we can say that both systems revealed a very sim-
ilar PBL structure (with a difference of about 50–100m),
when the same time period of measurements is considered,
in accordance with the mean PBL height retrieved by the ra-
diosounding at 12:00UT (Fig. 3a). Next day’s ceilometer’s
measurements (Fig. 2a) showed that the PBL height ranged
from 800m (around 09:00UT) to 1500m (from 10:40UT
to 11:40UT) (light green color structure). The correspond-
ing lidar measurements (Fig. 2b and c) showed that the
PBL height ranged from 700m (around 09:00UT) to 1500m
(from 10:40UT to 11:40UT), which is a typical evolution of
the PBL due to increased solar irradiance (Stull, 1998). This
evolution is more clearly visible in Fig. 2c by the deep blue
color scale structure. In this comparison of the two instru-
ments, we see that both of them were able to retrieve the PBL
height, with a difference of about 50–100m, in accordance
with the mean PBL height retrieved by the radiosounding at
12:00UT (Fig. 3b).
4 Inter-comparison of attenuated backscatter
coefﬁcients obtained by lidar and ceilometer
measurements
In this study we also compared the attenuated backscatter
proﬁles obtained by the three laser remote sensors. The li-
dar system provided by Raymetrics S.A. was used as a ref-
erence system for comparing the vertical proﬁles of the at-
tenuated backscatter coefﬁcient. The main drawback of this
inter-comparison was that the Raymetrics lidar and the CL31
ceilometer were running at two different wavelengths. The
ceilometer operates in the infrared (910nm), the Raymetrics
lidar operates in the ultraviolet (355 nm), while the NTUA
lidar data used are limited to the near infrared (1064nm) re-
gion, which is quite closer to the ceilometer emission.
Since our goal is to compare the retrievals of both in-
struments, in terms of the attenuated backscatter coefﬁ-
cient and the mixing height, a spectral conversion (for
the retrieval of the ﬁrst parameter) is needed when dif-
ferent wavelengths are used. The conversion factor used
is the backscatter-related ˚ Angstr¨ om exponent, which is re-
trieved from the extinction-related ˚ Angstr¨ om exponent taken
from multi-ﬁlter radiometer (MFR) measurements. Speciﬁ-
cally, the backscatter-related ˚ Angstr¨ om exponent equals the
extinction-related ˚ Angstr¨ om exponent, when the lidar ratio is
assumed spectrally independent, according to the following






Fig. 5. Temporal evolution of the range-corrected lidar signal (in arbitrary units: A.U.) at 1064nm as obtained by the NTUA Raman lidar
system on 24 July 2009 (02:48–18:17 UT).
Figure 06 
 
  Fig. 6. Back-trajectories of air masses arriving over Athens on 24 July 2009 (12:00UT) at various heights (2000m, 3000m, 4000m). The






















































where c(z) is the backscatter or extinction-related ˚ Angstr¨ om
exponent;αλ, bλ are the extinction and backscatter co-
efﬁcients, respectively;Sλ is the lidar ratio;λ1, λ2 are
the emitted laser wavelengths (e.g. λ1 =355 or 1064nm,
λ2 =910nm).
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Fig. 7. Comparison of the attenuated backscatter coefﬁcient pro-
ﬁles (in m−1 sr−1) obtained by the Vaisala ceilometer and NTUA
Raman lidar system (07:00–10:00UT) on 24 July 2009.
where bλ1 and bλ2 are the corresponding aerosol backscatter
coefﬁcients at altitude z.
The calculated values of the extinction-related ˚ Angstr¨ om
exponent (Michalsky et al., 2001) for the days into consider-
ation using measurements of the aerosol optical depth (AOD)
obtained by the UV-MFR radiometer were found to be 1.98
for 26 November 2008 and 0.37 for 27 November 2008. The
lidar ratio for CL31’s aerosol backscatter retrievals is as-
sumed by default to be equal to 30 sr (Vaisala User’s Guide,
2009), and this assumption is followed also for lidar calcula-
tions in order to have more comparable aerosol vertical pro-
ﬁles.
In Fig. 4a and b we present the results of the comparison
of the attenuated backscatter coefﬁcient proﬁles obtained by
the Raymetrics lidar (at 355nm) and CL31 ceilometer (con-
verted to 355nm data) instruments for 26 and 27 November.
Since the ceilometer’s output energy is low we had to per-
form a 3-h average (08:00–11:00UT) in order to sufﬁciently
reduce the noise in the attenuated backscatter coefﬁcient pro-
ﬁles obtained by the instrument. This method was followed
in all the ceilometer attenuated backscatter coefﬁcient pro-
ﬁles presented in this study. For the lidar measurements we
also averaged 3h proﬁles, as shown in Fig. 4a and b. The
corresponding range resolution of the retrieved attenuated
backscatter proﬁle for both systems was set to 30m.
From Fig. 4a and b, we see that the comparison of the re-
trieved attenuated backscatter vertical proﬁles converted to
355nm, by both systems, is quite satisfactory from 0.5km
up to 5km height a.s.l. (26 November) and from 0.5km up to
2.5km height a.s.l. (27 November). The mean differences in
the retrieved values remain less than 10–15%. In the follow-
ing section we present an inter-comparison analysis between
the NTUA and the ceilometer retrieved vertical attenuated
backscattered proﬁles obtained during two different aerosol
conditions over Athens (biomass burning smoke and Saharan
dust event).
4.1 Case studies
4.1.1 Forest ﬁre (biomass burning) smoke aerosols
On 24 July 2009 during scheduled measurements within
EARLINET, an intense aerosol layer was detected by
the NTUA Raman lidar system (37.96◦ N, 23.78◦ E,
212ma.s.l.). In Fig. 5 we present the temporal evolution of
the range-corrected lidar signal obtained at 1064nm. This
layer (about 0.5–1km thickness) appeared over Athens at an
altitude of 3.5km (around 02:40UT) and started to descend
during the night, merging with the convective PBL located
around 2.2km at about 12:00UT on the following day. Ac-
cording to the Hysplit model (Draxler and Rolph, 2003), the
origin of the air masses arriving over Athens at various lev-
els (2km, 3km and 4km) at 12:00UT on that day (shown
in Fig. 6, with a time step of 6h) overpassed the Balkan
area, only one day earlier. It seems that these air masses
were enriched by smoke particles emitted from forest ﬁres in
Romania, as corroborated by the corresponding ESA/ATSR
data (the orange points indicating the active hot spots from
biomass burning sites), also shown in Fig. 6.
Figure 7 shows the averaged vertical proﬁles of the at-
tenuated backscatter coefﬁcient obtained by the NTUA Ra-
man lidar (at 1064nm) and the ceilometer (converted to
1064nm data), both averaged on 3h (07:00–10:00UT) and
retrieved with the same vertical range resolution (30m). As
shown in Fig. 7, both instruments recorded on 24 July a
very intense aerosol layer over Athens extending from 2km
up to 3.5km. The backscatter-related ˚ Angstr¨ om exponent
value used for the wavelength conversion of the ceilometer
backscatter coefﬁcient proﬁle from 910nm to 1064nm was
found to be 1.59 and was calculated from MFR data follow-
ing the methodology described previously. The maximum
value of the attenuated backscatter coefﬁcient within this
layer was quite close for both systems and ranged between
1.5×10−6 m−1 sr−1 and 1.85×10−6 m−1 sr−1. In any case,
the mean difference between the two vertical proﬁles was not
higher than 25%. This difference can be attributed to the fact
that the two systems were not collocated, since the ceilome-
ter was located on the Pnyx hill, while the lidar was located
inside the NTUA Campus at a distance of 6km.
4.1.2 Desert dust aerosols
On1 June2009, the NTUARamanlidar system detectedsev-
eral aerosol layers over Athens. In Fig. 8 we present the tem-
poral evolution of the range-corrected lidar signal (in A.U.)
at 1064nm as obtained by the NTUA Raman lidar system on
that day between 12:02–13:19UT. In this ﬁgure we can see
that two strong and stable layers were detected around 2km




Fig. 8. Temporal evolution of the range-corrected lidar signal (in arbitrary units: A.U.) at 1064nm as obtained by the NTUA Raman lidar
system on 1 June 2009 (12:02–13:19UT).
Figure 09 
 
  Fig. 9. Back-trajectories of air masses arriving over Athens on 1 June 2009 (12:00UT) at various heights (2100m, 3700m, 4500m). Time
step is 6 h.
and 3.75km, while less intense layers were found around
4.5km and 5km. We can also observe that the aerosol
layer around 2km merges with the convective PBL around
13:00UT. On that day the CL31 ceilometer performed si-
multaneous measurements with the NTUA Raman lidar sys-
tem. To identify the origin of the air masses sampled over
Athens, we used the Hysplit model with a time step of 6h
(Fig.9). The4-dayairmassback-trajectoriesshowedthatthe
origin of the particles detected over Athens was the Central
and Western Saharan deserts, which indicates the advection
of dust.
In Fig. 10 we examine the corresponding attenuated
backscatter coefﬁcient proﬁles obtained by the two in-
struments and averaged over two hours period (11:00–
13:00UT). The corresponding range resolution of the re-
trieved attenuated backscatter proﬁle for both systems was
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Fig. 10. Comparison of the attenuated backscatter coefﬁcient pro-
ﬁles (in m−1 sr−1) obtained by the Vaisala ceilometer and the
NTUA Raman lidar system (11:00–13:00UT) on 1 June 2009.
set to 30m. The ceilometer vertical proﬁle of the attenuated
backscatter coefﬁcient obtained originally at 910nm was
converted to the wavelength of the NTUA lidar (1064nm)
according to Eq. (2). The backscatter-related ˚ Angstr¨ om ex-
ponent used for the calculation was 0.88 and was found
using the AOD data obtained by the MFR radiometer (at
416nm and 940nm). As it can be observed in Fig. 10, the
aerosol layers were recorded by both instruments and were
generally in good agreement. At the peak of the layer A
(around 2–3km) the values of the attenuated backscatter co-
efﬁcient measured by the two instruments differed by about
1×10−6 (m−1 sr−1). As in layer A, the ceilometer retrievals
for layers B and C showed, generally, higher values than the
ones obtained by the lidar system. For layer B, the peak
values obtained by the ceilometer and the lidar were almost
identical (around 6×10−6 m−1 sr−1) at 4.8–5km. Layer C
was lying at around 5.6–5.7km and the corresponding values
of the ceilometer and the lidar were 6.1×10−6 (m−1 sr−1)
and 5×10−6 (m−1 sr−1), respectively. As can be seen in
Fig. 10, the ceilometer shows higher values of the attenuated
backscatter coefﬁcient both at layer C (around 22%) and at
layer A (around 50%). This difference can be attributed to
the 6km distance between the two sounding sites, which may
play a certain role regarding the sampling of eventually dif-
ferent air masses. However, the mean difference between the
measured aerosol proﬁles by both instruments, in terms of
the attenuated backscatter coefﬁcient, remains of the order
of about 10–20%.
5 Summary and conclusions
In this paper we showed the inter-comparison of two ac-
tive remote sensors (lidar and ceilometer) in determining
the structure of the PBL and in retrieving the tropospheric
aerosol vertical proﬁles over Athens, Greece. This was per-
formed under strongly different atmospheric conditions (ur-
ban air pollution, biomass burning and Saharan dust event).
We showed that in general a good agreement was found in
determining these two parameters, especially when collo-
cated measurements were performed (a difference of about
50–100m in retrieving the PBL height and about 10–25%
in the case of the attenuated backscatter coefﬁcients inter-
comparison). This difference may be attributed mainly to an
unsatisfactory retrieval of the backscatter-related ˚ Angstr¨ om
exponent when data are converted from the near infrared
to the ultraviolet region and also in the distance between
the ceilometer and NTUA lidar instruments in case of non-
collocated measurements. It was also found that the Vaisala
CL31 ceilometer was able to detect correctly the presence
of various aerosol layers up to a height of 6kma.s.l. (during
daytime with 3h averaging time), under strongly different
aerosol concentrations (urban air pollution, biomass burning
and intense Saharan dust event).
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